I.. Introduction {#sec1}
================

Cancer arises due to aberrant genetic [@ref1] and epigenetic dysregulation [@ref2], [@ref3], causing normal cells to proliferate. There is increasing evidence that several regulatory abnormalities are caused through post-translational modification (PTM) of histones [@ref4] resulting from a variety of covalent modifications including, phosphorylation, methylation, acetylation, and ubiquitination at the N-terminal tails of histones. A single or combinatorial set of these modifications on one or more histone tail comprises a 'histone code' [@ref5] which greatly influences the control of the chromatin structure, function, and interactions leading to altered downstream cellular processes. The histone codes play key roles in the regulation of gene expression, switching genes on and off by making the DNA accessible/inaccessible to the transcriptional machinery. In contrast to the irreversible genomic mutations that activate oncogenes or inactivate tumor suppressor genes in cancer, histone modifications are reversible and can be used as potential biomarkers for normal or cancer state of cells, and as markers of drug response. Furthermore, histone modification enzymes themselves can be targets of therapy if their specific roles are understood [@ref6], [@ref7].

In a recent large-scale initiative, Library of Integrated Network-Based Cellular Signatures (LINCS) (<http://www.lincsproject.org>), has carried out multi-omics characterization of response of five cancer cells to 31 drugs, through measurement of phosphoproteins (P100) [@ref8], transcripts (L1000) [@ref9], and global chromatin profiles (GCP) [@ref10]. Some of these measurements were carried out at multiple time points post-treatment of cells.  The P100 and GCP are Mass Spectrometry (MS)-based targeted proteomics assays that include a representative set of phosphopeptides, and different combinations of histone modifications treated by multiple drugs respectively. L1000 data was generated using landmark transcript probes [@ref9] of genes which were invariant across cell states. This multi-omics study offers the scope for obtaining key signatures of drug response based on detailed mechanisms reconstructed from the measurements. Specifically, we present a novel integrated approach for identifying cellular fingerprints of response to drug treatment in breast cancer cells.  Our methods identify histone modification fingerprints, which are endpoints of complex signaling events following drug treatment. The epigenetic changes and the concomitant chromatin topology changes, caused by these histone signatures, reflect the altered cellular state.

For characterization of the epigenetic fingerprint responses, we used the MCF7 cell line from the LINCS study that profiled 96 phosphopeptides at three time points and 60 histone marks profiled 24 hours after treatment with 31 established drugs. This type of high-dimensional data represents significant challenges for analyzing the pattern of drug responses affecting GCP, and deciphering pathways that are causally involved in responses leading to specific GCP. We approached this from the perspective of data and dimension reduction in order to develop mechanistic models of drug response through GCP fingerprints. In the following sections, we describe the integrated network we developed for analyzing the LINCS breast cancer data to 1) uncover the number of distinct ways in which drugs relate to GCP; 2) decipher the unique phosphoproteins networks and pathways that describe histone response to 31 drug treatments; and 3) identify mechanisms involving phosphoproteins regulating a wide range of cellular processes (growth, proliferation and cell division) and gene activity states. Our results demonstrate fingerprints of GCP that comprehensively describe the drug response in cancer cells and further help elucidate the detailed causal mechanisms that lead to these epigenetic profiles.

II.. Results {#sec2}
============

A.. Four Pathway-Based Histone Signatures Constitute "Histone Signatures" Responding to Drug Treatment {#sec2a}
------------------------------------------------------------------------------------------------------

In order to identify histone signatures that are elicited by the drugs through canonical signaling pathways, we investigated the relationships between the 31 drugs targeting serine-threonine kinases in the breast cancer line (MCF7), using the resulting GCP response at 24 hours (**Supplementary Table 1**). We first calculated the histone code fold changes by accounting for their differential modifications i.e., changes in histone levels from pre-treatment (MCF7 treated with DMSO) to post-treatment (MCF7 treated with a specific drug) state. Using a non-negative matrix factorization (NMF) method on these histone code fold changes, we identified four pathway-based functional histone modules c1, c2, c3 and c4 ([Fig. 1A](#fig1){ref-type="fig"}) and refer to them as "histone signatures" that characterize the response to drugs (**Supplementary Fig. S1D**). Fig. 1.A 3-dimensional view of molecular interactions of phosphoproteins-histones-drugs generated by integrating the histone signatures with the histone-protein interaction network. (**A**) Four "histone signatures" are obtained by NMF clustering of GCP at 24-hour post-treatment. Drugs and histones are depicted by orange and magenta nodes respectively, the color of edges signifies whether the interaction between a drug and a histone resulted in elevated (red) or reduced (green) histone level. (**B**) Histone-phosphoprotein interaction network using a PLSR prediction model. Histones and phosphoproteins are depicted by magenta and blue nodes respectively, the color of edges depicts whether the interaction between a phosphoprotein and a histone is positively (red) or negatively (green) correlated. (**C**) Integrated phosphoproteins-histones-drug network (iPhDNet). iPhDNet shows enrichment of modification levels on H3K9ac1S10ph1K14ac0, H3K56me2, H3K27me3K36me3, H3K18ac0K23ub1 histone codes, acting as highly connected nodes (hubs) and positively induced by various drugs affecting enriched phosphoproteins including BRD4, ATAD2, and NOLC1. The strength of an interaction is captured by the width of an edge.

To provide a comprehensive mapping of these histone signatures to drugs with respect to their shared signaling pathways, we generated a molecular network consisting of 91 nodes (comprising histone codes and drugs) and 554 edges (node interactions). Coefficients generated from the assignments of each histone signature profile to the drug prototypes are used to represent the strength/weight of the interactions between a histone code and a drug (**Supplementary Fig. S1A, B**). We observed all cyclin-dependent kinase (CDK) inhibitors and replication stress inhibitors were grouped with the same c1 histone signature. We observed similar groupings for the c2, c3 and c4 signatures associating specific histone codes with specific drugs ([Fig. 1A](#fig1){ref-type="fig"}). **Supplementary Table 2** summarizes the grouping of these drugs and histones into their respective signatures.

B.. A Quantitative Model for Enriched Phosphoproteins Contributing to Histone Codes {#sec2b}
-----------------------------------------------------------------------------------

Next, we sought to identify the phosphoprotein networks representing various interactions among the enriched phosphoproteins and histone codes. Using principal least squares regression (PLSR) on P100 phosphoproteins and GCP responses at 24 hours after treatment with the 31 drugs (**Supplementary Table 1**), we generated a systemic model where each histone code is considered as an outcome/response to combined influences (i.e., coefficients) of all phosphoproteins. Each coefficient represents the contribution of individual phosphoprotein toward the level of a histone code. Using a t-test hypothesis testing with a p-value \<1.0e-4 (see Methods), our model generated a reduced histone-phosphoprotein network comprised of 113 nodes, representing histone codes and phosphoproteins and 230 edges (interactions between them) ([Fig. 1B](#fig1){ref-type="fig"}). The model performance is depicted in **Supplementary Fig S2.** Our results showed H3K27me3K36me3, H3K9ac1S10ph1K14ac0, H3K56me2, and H3K18ac0K23ub1 as highly connected histone codes (hubs with the highest degree), influenced by the statistically enriched phosphoproteins: BRD4, ATAD2, NOLC1, SRRM2, and CASC3. **Supplementary Table 3** summarizes the characteristics of these enriched phosphoproteins.

C.. A 3-Dimensional View of Molecular Interactions Among Drugs-Phosphoproteins-Histones {#sec2c}
---------------------------------------------------------------------------------------

To further elucidate the influence of specific drugs on phosphoproteins and downstream histone codes, we developed a 3D view of the molecular interactions (phosphoproteins-drugs-histones) by integrating histone signatures with the drug-phosphoprotein interaction network resulting in an integrated phosphoproteins-histones-drugs network (iPhDNet). This network consists of 144 nodes and 742 interactions ([Fig. 1C](#fig1){ref-type="fig"}).

Using the iPhDNet as a quantitative atlas of global chromatin profile fingerprints, we then generated hypotheses linking drugs, pathways, phosphoproteins, and histones, to understand drug response pathways in breast cancer. These chromatin profile fingerprints revealed an overall reduction in histone levels in active marks such as methylation of H3K36, H3K4, and acetylation of H3K9 when treated with these drugs, consistent with previous studies where these marks were elevated in various untreated cancer cell lines [@ref4], [@ref14], [@ref15]. We observed that reduction of phosphoprotein level in SRRM2 was positively correlated (p-val \<2.7e-04) with H3K4me1 and H3K4me3 when treated with drugs that belonged to c1 signature histone module (Supplementary Table 2). While H3K27me3 is a repressive histone mark associated with transcriptionally silenced chromatin in most cancers [@ref4], [@ref14], [@ref15], analysis from iPhDNet revealed inhibitory effects of drugs on H3K27me3 in breast cancer, consistent with the prior studies [@ref16], [@ref17]. Likewise, ABI1, an adaptor protein involved in cell migration, along with its downstream effector phospho-Akt (p-Akt), has been implicated in the spread of breast cancer [@ref18]; is positively correlated with reduced H3K27me3K36me3 (p-val \<7.02e-05) when inhibited by CDK inhibitor flavopiridol.

Additionally, we observed significant associations (p-val \<7.5e-05) of ABI1, BRD4, NOLC1, ATAD2, and SRRM2 with H3K27me3K36me3 when treated with CDK inhibitors flavopiridol, dinaciclib, and PD-033291 ([Fig. 1C](#fig1){ref-type="fig"}). Collectively, iPhDNet shows that inhibiting ABI1, BRD4, NOLC1, ATAD2, and SRRM2 with the help of CDK inhibitors may be sufficient to induce the heterochromatin state when the repressive mark H3K27me3 colocalizes with the active mark H3K36me3. This finding suggests that for a stable reversion of epigenetic silencing state in breast cancer, H3K36me3 may dictate a reversal from the malignant euchromatin to normal heterochromatin.

D.. FLAVOPIRIDOL AND DINACICLIB EMERGE AS POTENTIAL CDK MEDIATED THERAPEUTICS IN BREAST CANCER {#sec2d}
----------------------------------------------------------------------------------------------

To examine the validity of the identified enriched phosphoproteins mediated by specific drugs, we compared our findings with prior experiments on the identification of various histone codes in breast cancer. A summary of our PTM findings is provided in a table ([Fig. 2a](#fig2){ref-type="fig"}). While the studies above have investigated the modification of H3K27me3 and H3K36me3, combinatorial assembly of repressive H3K27me3, and active H3K36me3 marks (H3K27me3K36me3) has not been studied in cancer. Hence, we further analyzed the molecular mechanisms associated with H3K27me3K36me3 modulation to identify potential targets for therapeutic interventions in breast cancer. Fig. 2.Flavopiridol and dinaciclib emerge as potential CDK mediated therapeutics in breast cancer. (**A**) Summary of PTM results showing consistency of our findings with other reports that interrogated specific PTMs in breast cancers. (**B**) CDK mediated regulation in flavopiridol, dinaciclib, and PD-0332991. Top: phosphorylation profiles depict changes in phosphoprotein values (log2 scale) for ABI1, BRD4, NOLC1 and SRRM2 over 3, 6, 24 hour when treated with these drugs. Bottom: suggested regulation mechanisms for these phosphorylation profiles and their corresponding H3K27me3K36me3 values resulting in anti-tumorigenesis events. Flat bars indicate inhibition of CDK by these drugs causing reduced values (down arrow) for these phosphoproteins and the corresponding H3K27me3K36me3 status. The dashed arrows indicate these phosphoproteins are positively (up arrow) correlated with the H3K27me3K36me3 status. (**C**) Showing multiple phosphosignaling pathways regulated by the specific drugs in C1 "histone signature". Top: phosphorylation profiles of CASC3 and SRRM over 3, 6, 24 hour when treated with each of these C1 drugs. Bottom: suggested regulation mechanisms show reduction of phosphoprotein values of CASC3 and SRRM2 as well as reduction in H3K4me1 and H3K4me3 resulting in anti-tumorigenesis events. SRRM2 is positively correlated (dashed up arrow), CASC3 is negatively correlated (dashed down arrow) with H3K4me1 and H3K4me3 status. (**D**) Comparison of cluster similarity between paired drugs showing an exact match (1.0) between flavopiridol and dinaciclib.

Since H3K27me3K36me3 belonged to C1 histone signature, we considered evaluating the effect of drugs in that signature on the enriched phosphoproteins. Using the phosphorylation status at 3, 6, and 24 hours of these enriched phosphoproteins and their interactions profiles from iPhDNet, we postulated the anti-tumorigenic effects of these inhibitors modulating H3K27me3K36me3 ([Fig. 2B](#fig2){ref-type="fig"}), H3K4me1, and H3K4me3 ([Fig. 2C](#fig2){ref-type="fig"}). We found that flavopiridol and dinaciclib induced the same regulatory pathways, suggesting similar therapeutic responses.

Flavopiridol is a CDK inhibitor, with high selectivity for CDK9, used in phase II clinical trial for the treatment of relapsed/refractory lymphoma or multiple myeloma [@ref19]. Similarly, dinaciclib is a highly potent CDK inhibitor with selectivity for CDK1, CDK2, CDK5, and CDK9 [@ref20] in phase III clinical trials for the treatment of refractory chronic lymphocytic leukemia. To evaluate the concordance of these two inhibitors, we computed the RI on drug assignments to see how many drugs were grouped in the same histone signatures across six cell lines: breast (MCF7), pancreas (YAPC), skin (A375), lung (A549), prostate (PC3) and neural progenitor cell line (NPC). The analysis assigned flavopiridol and dinaciclib in the same histone modules across all six cell lines with a RI score of 1 ([Fig. 2D](#fig2){ref-type="fig"}). A Pearson correlation analysis on the P100 phosphoprotein data further supported the concordance between flavopiridol and dinaciclib, showing a strong correlation between the two drug responses at 3 to 6 hour (r = 0.59) and 6 to 24 hour (r = 0.69) (**Supplementary Fig. S3A, B**). A linear regression analysis of histone expressions at 24 hours showed similar treatment effects between flavopiridol and dinaciclib (**Supplementary Fig. S3C**). Additional support is provided by a comparative structural analysis study [@ref21] that indicates a similar affinity toward acetylated lysine (KAc) binding site of bromodomain (BRD) for flavopiridol and dinaciclib.

E.. Mechanistic Causal Network (MCN) Reconstruction Supports BRD4 Mediated Cell Cycle Arrest Caused by Impaired Transcriptional Elongation {#sec2e}
------------------------------------------------------------------------------------------------------------------------------------------

To gain mechanistic insights into H3K27me3K36me3 mediated regulation by flavopiridol and dinaciclib, we reconstructed mechanistic causal networks (MCN) that shows the regulatory machinery involving the enriched phosphoproteins measured at varying time points ([Fig. 3A](#fig3){ref-type="fig"}**,** [C](#fig3){ref-type="fig"}). Our results showed BRD4, TMPO, FAM76B, and RBM17 in flavopiridol and TMPO, FAM76B, and TPX2 in dinaciclib remained enriched across 3, 6, and 24-hour time points. The network showed binding of BRD4/NSD3 consistent with a previous study [@ref22], where reduced H3K36 methylation was a result of the depletion of BRD4 or NSD3. NSD3 is a methyltransferase that binds to BRD4 complexes at the promoter region to regulate levels of H3K36me3, affecting DNA repair, transcription initiation, and elongation/termination processes [@ref23], [@ref24]. Fig. 3.Mechanistic causal network (MCN) reconstruction supports BRD4 mediated cell cycle arrest. (A) MCN reconstruction for enriched phosphoproteins (p-val \<1.0e-4) upon flavopiridol treatment. This network is obtained by mapping enriched phosphoproteins with their interaction partners (first level) using STRINGdb protein-protein interactions (PPI) at 3, 6, and 24 hour. The distribution for these enriched phosphoproteins and their interaction partners at each time point is shown in the Venn diagram (left). The colors of phosphoproteins and their partner proteins in MCN correspond to the colors of the Venn diagram at each time point (blue for 3, red for 6, and green 24 hour). (B) Phosphorylation changes of proteins and transcriptional changes of 31 functionally significant genes in response to flavopiridol. Gene expression of CDK inhibitor gene *CDKN2A* is upregulated (red) while gene expressions of all cell cycle genes are downregulated (blue) in L1000 data across all time points 3, 6, 24 hour. Transcriptomic expressions from TCGA data for these genes show down-regulation (blue). The unavailable gene coding phosphoproteins in P100 data are marked gray. (C) A similar mechanistic causal network reconstruction for enriched phosphoproteins after dinaciclib treatment is obtained using the protocol described in A. (D) Similarly, phosphorylation and transcriptional changes of the same phosphoproteins and genes in B, in response to dinaciclib. (E) Demonstrating possible cell cycle arrest mechanisms caused by transcriptional elongation of the participating regulators over various time points corresponds to cell cycle stages: gap phases (G1, G2), and mitotic phase (M). Inhibitory effects of flavopiridol and dinaciclib on BRD4 result in reduced H3K36me3 level caused by synergetic interactions among BRD4, *NSD3*, *EZH2*, *MYC* and EJC complex. Inhibition (blue) of BRD4 (a chromatin reader) impairs the catalytic activity of CDK9 ability to bind to P-TEFb, a subunit of the CDK9. CDK9 acts as a cofactor of *MYC*-dependent stimulation of responsive genes *NSD3* (a chromatin writer), *EZH2* (a chromatin writer), *AURKA*, and *CCNA2*. *MYC* modulates chromatin context surrounding these responsive genes and H3K27me3K36me3 histone marks and influences cell cycle arrest by blocking RNA polymerase elongation process.

To further investigate the mechanisms by which this BRD4/NSD3 complex contributes to mediating cell cycle progression through the recruitment of H3K36me3 and binding to upstream regulators/cofactors, we performed enrichment analyses on the genes representing these phosphoproteins using the Enrichr tool [@ref25]. This identified *MYC*, *POU5F1* (*OCT*4), *ESR2*, *UPF1*, and *BRCA1* as commonly enriched upstream/core regulators of phosphoproteins for flavopiridol and dinaciclib. The analysis showed interactions between spliceosome mediated activities through the core regulators: *E2F4*, *UPF1*, *ILF3*, and *SMARCA4*, and the components of exon junction complex (EJC); interactions among the mitotic regulators (*TPX2*, *AURKA*) with *TP53* activity and *ATAD2* that formed a cluster, regulating cell cycle through alternative splicing. The analysis revealed TPX2, AURKA, and EJC complex as potential substrates of positive transcription elongation factor (P-TEFb), through indirect binding with BRD4.

We next performed transcriptomic analyses using L1000 data (**Supplementary Table 4**) on genes representing the enriched phosphoproteins to capture in vitro gene activity levels. We examined CDK inhibitor genes, and genes coding for parent proteins of enriched phosphoproteins associated with H3K27me3K36me3 mark in the MCF7 cell line. We identified 31 genes ([Fig. 3B](#fig3){ref-type="fig"}**,** [D](#fig3){ref-type="fig"}). Together, the results from these transcriptomic analyses corroborate our proteomics conclusions. **Supplementary Table 5** summarizes MCN and enrichment analysis results.

Next, we investigated how flavopiridol and dinaciclib lead to preferential loss of BRD4/NSD3, impacting the oncogene *MYC*, thereby, promoting cell cycle arrest in breast cancer. Based on our results and the evidence from previous studies [@ref26], [@ref27], [@ref24], [@ref28], we postulate that cell cycle arrest associated with the reduced H3K27me3K36me3 phenotype occurs through the following mechanism: 1) flavopiridol and dinaciclib inhibit BRD4, 2) as a result, H3K36me3 level is reduced through BRD4\'s interacting partner NSD3, 3) reduction of BRD4 then impairs the catalytic activity of CDK9\'s ability to bind to positive transcription elongation factor b (P-TEFb), which is sequestered by 7SK snRNP to acetylated chromatin at the MYC locus, 4) this suppresses P-TEFb\'s phosphorylation at serine 2 of the Pol II carboxyl-terminal domain (CTD) and DSIF subunit SPT5, causes widespread RNA polymerase II to pause at gene promoters, thereby promoting cell cycle arrest. As a functional consequence of the loss of CDK9 activity, *MYC* expression is elevated, which in turn activates *EZH2*, a subunit of the PRC2 complex, resulting in methyltransferase activity and hence H3K27me3 reduction [@ref30] ([Fig. 3E](#fig3){ref-type="fig"}).

F.. Fingerprint Global Chromatin Profiling Reveals Crosstalk Among "Regulators" in Breast Cancer Signaling Pathways {#sec2f}
-------------------------------------------------------------------------------------------------------------------

Finally, to highlight potential BRD4 mediated off-target effects of flavopiridol and dinaciclib, we constructed a detailed view of the crosstalk among the various regulators. We accomplished this by generating protein-protein interactions using STRINGdb to incorporate inferred proteins/protein complexes for other signaling pathways interacting with the CDK pathway. The detailed view of the breast cancer signaling landscape reveals various regulators associated with specific signaling pathways mediating cellular activities such as cell cycle regulation, apoptosis and transcriptional regulation for cell cycle progression and cell proliferation ([Fig. 4](#fig4){ref-type="fig"}, **Supplementary Table 6**). Collectively, these results indicate that BRD4 is an atypical kinase that could interact with a diverse group of kinases resulting in pleiotropic effects when treated with flavopiridol and dinaciclib. Fig. 4.Fingerprint global chromatin profiling in breast cancer signaling. The crosstalk among histone signature pathways is depicted by linking inferred proteins/protein complexes generated from STRINGdb PPI for signaling pathways that may interact with the CDK pathway in cancer signaling landscape. As part of cell cycle regulation, inhibition of CDK by flavopiridol and dinaciclib is highlighted showing molecular cascades of interactions among BRD4, NSD3, SRRM2, NOLC1, MYC with the P-TEFb complex and its recruitment to promoter region to block transcriptional elongation of RNA Pol II (the first blue dashed oval). As a consequence, reduced levels of H3K27me3K36me3, H3K4me1, and H3K4me2 are observed. Examples of crosstalk includes: Ikkb inhibiting TPX2 which binds to AURKA to activate CDK targeting the intrinsic kinase activity directed towards RNA Pol II (pink dashed oval); reduction of Map3K7 brings JNK level down resulting in an increase of H3K56me2 level; hyperactive RAS acts as a signaling switch to convert JNK\'s role from pro- to anti-tumor signaling through the regulation of Hippo signaling activity by inhibiting PDPK1 protein (the second blue dashed oval). NOLC1 interacts with the EJC junction formed by SRRM2, CASC3, EIF4A3, and RBM8A proteins. It mediates Wnt/Notch signaling activity through the Notch intracellular domain (NICD) and monoubiquitylation of H3K23 (H3K18ac0K23ub1) by translocating to RNA Pol I (the third blue dashed oval).The color of molecules represents tumor suppressors (green), oncoproteins (red), inferred proteins (teal) and phosphoproteins (black ring). The color of protein molecule indicates whether the protein was induced (orange) or inhibited (blue). Each histone signature (C1, C2, C3, and C4) is highlighted using a distinct outer ring color. Phosphorylation, activation, and repression are indicated by Ⓟ, arrowheads (→), and cross-bars (⊣), respectively.

III.. Discussion {#sec3}
================

Global chromatin fingerprints represent a new way to identify response of tumor cells to drug treatments. Further, the GCP also serve as endpoints of mechanisms responding to drugs and has the potential to provide insights into the detailed networks and their perturbations. Using iPhDNet, we were able to identify four distinct histone signatures and enriched phosphoproteins that contribute to specific histone codes. While our network shows multiple drugs and phosphoproteins regulating H3K27me3K36me3, flavopiridol, and dinaciclib demonstrated selective inhibitory effects on chromatin reader BRD4 modulating H3K27me3K36me3. In particular, our study implicates H3K27me3K36me3 as a potential biomarker that is targeted by flavopiridol and dinaciclib to induce cell cycle alterations by BRD4.

From the MCN analyses, we infer that BRD4 enrichment is maintained across 3, 6, 24-hour time points in flavopiridol, which lead us to conclude that the cell cycle arrest is induced via direct BRD4 mediation during G1/S phase as well as during late mitosis, G2/M transition. With dinaciclib, however, we observe enrichment of the EJC regulators involved in spliceosome related activities at 3 and 6-hour time points, which indicates cell cycle arrest most likely occurred due to nonsense-mediated mRNA decay (NMD) during G1/S phase, and indirect BRD4 mediation during G2/M phase ([Fig. 4E](#fig4){ref-type="fig"}). From these analyses, we can link cell cycle control to cell cycle arrest through the presence of an alternative splicing network. When treated with dinaciclib, we observe EJC members *SRRM2*, *CASC3* and *EIF4A3* interact with both upstream transcription factors UPF1, a known regulator of NMD, and ILF3. These transcription factors are known to modulate the Wnt/Notch signaling pathway through NMD and are highly active in pluripotent cells [@ref31], suggesting possible influences in cellular state remodeling. We also observed enrichment of *AURKA* and *TPX2* regulators which are known to modulate cell program death via *BCL-x*, a *BCL2* family apoptosis regulator [@ref32].

From the MCN analysis, we further observe the presence of a super-enhancer binding gene *OCT4* upstream of BRD4 suggesting the possible role of BRD4 in regulating pluripotency gene expression by exhibiting a "stemness" behavior. Previous studies have shown positive correlation between BRD4 and the level of H3K36me3 with *OCT4* [@ref33]. Depletion of BRD4 has been shown to decrease the pluripotency of *OCT4* by changing the cellular fate through disruption of signaling pathways controlling differentiation [@ref33]. Our analysis shows that, BRD4 interacts with the transcription factor SMARCA4, a key regulator of ESC self-renewal and pluripotency, known to regulate *NANOG* expression [@ref33]. *NANOG* interacts directly with *OCT4*, and *SOX2* genes, which are pioneer transcription factors that maintain a pluripotent cell state [@ref34]. This makes H3K36me3 a potential biomarker, regulated by the super enhancer-mediated BRD4 to study tumor transformation, tumorigenesis, and metastasis in breast cancer as well as in other cancers.

The global chromatin profiling fingerprints of the breast cancer landscape reveal crosstalk among various signaling pathways belonging to specific histone signatures, suggesting possible combinatorial targeted therapies to address off-target effects. In particular, these fingerprints show crosstalk between CDK and IkB signaling pathways involving interactions between P-TEFb and AURKA. Overexpression of AURKA is linked to many cancers. Our transcriptomic results show down-regulation of AURKA when treated with flavopiridol and dinaciclib, further suggesting the efficacy and ability of these drugs to minimize off-target effects in breast cancer.

IV.. Conclusion {#sec4}
===============

We developed an integrative framework for the analysis of multi-omics data in deriving signatures of drug response in breast cancer. This framework, iPhDNet can be extended to include other data such as ATAC-seq and Hi-C. The methods applied reduce large multi-dimensional measurements into mechanistically insightful modules and provide fingerprints of cellular response. In our studies on drug treatments in breast cancer, we show the histone signatures that are both predictive of response and provide potential mechanism-driven therapeutic targets. In this study, response to flavopiridol and dinaciclib, breast cancer cells MCF7 through the activation of CDK inhibitor pathways and the chromatin reader BRD4 alter the histone marks H3K27me3K36me3. We show the altered regulation of the cell cycle. Overall, the integrative frameworks we developed reveal the mechanisms of action of specific drugs on chromatin remodeling machinery in breast cancer cells which lay the foundation for improved diagnostics and development of chromatin-based cancer therapy.

V.. MATERIALS AND METHODS {#sec5}
=========================

A.. Experimental Data Acquisition and Preprocessing {#sec5a}
---------------------------------------------------

All experimental data was obtained from the LINCS and TCGA consortia. As described in the Supplementary Methods, data were preprocessed, normalized and missing data were imputed.

B.. iPhDNet {#sec5b}
-----------

The components of iPhDNet include: NMF, PLSR, and series of statistical testing methods. All network reconstruction was done using correlation/connectivity methods and visualization was carried out using Cytoscape. A very detailed description of iPhDNet is presented in the Supplementary Methods Section.

. Supplementary Materials {#sec6}
=========================

The supplementary material includes descriptions of the data acquisition, preprocessing, transcriptomic analysis, experimental validation, and methods used to construct iPhDNet. It includes 3 supplemental figures and 6 tables.
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======================
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Our study demonstrates the value of network-based global chromatin fingerprints to understand how unique alterations in histone modifications when treated with specific drugs, contribute to cellular reprogramming in breast cancer.
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